Abstract. Recombinantly expressed proteins are susceptible to oxidation during expression, purification, storage, and analysis; the residue most susceptible to oxidation is methionine. Methionine oxidation can be overestimated using current quantitative analysis methods because oxidation can occur during sample preparation, and researchers often do not use methods that account for this possibility. An experimental strategy had been developed previously to solve this problem through the use of an 18 O-labeled hydrogen peroxide reagent. However, the method did not address the analysis of peptides that contained multiple methionine residues. Herein, we develop and validate a new analysis method that uses theoretical isotope distributions and experimental spectra to quantify methionine oxidation that is present prior to sample preparation. The newly described approach is more rapid than the previously described method, and it needs only half the amount of protein for analysis. This method was validated using model proteins; then, it was applied to the analysis of recombinant HIV-1 Env, the key protein in HIV vaccine candidates. While Met oxidation of this protein could not be analyzed using previous methods, the approach described herein was useful for determining the oxidation state of HIV-Env.
Introduction

M
ethionine oxidation is an example of a post-translational modification (PTM) that requires careful monitoring when proteins are recombinantly expressed for biotherapeutic applications. This modification has been shown to be detrimental to protein folding and function, and it can cause immunogenic effects [1] [2] [3] [4] . Methionine oxidation has been linked to a number of diseases such as cataracts, rheumatoid arthritis, and Alzheimer's [5, 6] . Met residues are susceptible to oxidation throughout the production of a recombinantly expressed protein. Different cell lines and expression conditions can affect the oxidation of a protein [7, 8] . Oxidation can be introduced during the steps required to purify the protein [9, 10] , and storage conditions have been shown to have an effect on methionine oxidation in proteins [11] . Methionine oxidation can also be introduced during the steps required to analyze tryptic digests and during LC-MS analysis [12] [13] [14] .
Methionine oxidation has been quantified using liquid chromatography in conjunction with UV-Vis, mass spectrometry, or both detectors [15] [16] [17] [18] [19] . However, the cited methods cannot be used to distinguish if oxidation occurs during the production of recombinant proteins (expression, purification, storage) or if it is an artifact introduced during protein digestion and analysis. Liu et al. have developed a method that accurately quantifies Met oxidation prior to sample preparation for LC-MS [14] . Prior to tryptic digest, the proteins are incubated with isotopically labeled H 2
18
O 2 . This procedure converts all unoxidized methionine residues into a labeled 18 O form; all residues that were already oxidized remain present in their natural isotopic abundances. The relative quantities of the 16 O peak and the 18 O peak are then used to determine the amount of oxidation present prior to the labeling [14] . In Liu's work, the data analysis strategy requires researchers to accurately quantify the monoisotopic 16 O peak and the 18 O peak. The size of these peaks decreases with increasing peptide size, so the method is not well-suited for measuring large analytes whose monoisotopic mass is not abundant. Furthermore, the data analysis approach is not directly applicable to peptides that contain multiple methionine residues due to the isotopic overlap of masses that are used to quantify the oxidation. The method also uses control samples that introduce additional degrees of experimental error, increase the required sample quantity, and decrease the throughput of the analyses.
Herein, we extend Liu's original quantitative method by removing the need for a control sample and modifying the data analysis steps. Eliminating the control sample cuts the protein consumption and analysis time in half, and modifying the analysis steps allows researchers to analyze larger peptides, including those with multiple methionines. The oxidation of analytes with multiple methionines cannot be accurately quantified now by any existing method, but this kind of analysis is important because these species are present in many therapeutic proteins, including HIV-1 Env, an important recombinant protein that is a key component of many emerging HIV-1 vaccine strategies [20] [21] [22] .
The data analysis approach tested and validated herein compares theoretical and experimental spectra and minimizes the error between them to find the amount of native oxidation in peptides. A similar method was used to determine 15 N enrichment in yeast samples [23] . MacCoss et al. correlated experimentally generated spectra to a set of theoretically generated spectra using a Pearson correlation function. Results were comparable to what was measured using SIM-GC/MS, with the advantage that the isotopic enrichment was measured without standards [23] ; similarly, our data analysis strategy eliminates the need for control samples; and because of this change, both the analysis time and protein consumption are cut in half.
The new data analysis technique was validated on an IgG monoclonal antibody and additionally applied to a protein that has multiple methionine residues on a single peptide, RNAse B. We then applied this method to HIV-1 Env, a recombinant form of the surface antigen on the HIV-1 virus [20] [21] [22] . We analyzed the methionine residues and determined that the oxidation in the samples was low.
Experimental
Materials and Reagents
Trizma hydrochloride, trizma base, acetic acid, HPLC grade acetonitrile, methanol, ethanol, 4-vinyl pyridine, isotopically labeled hydrogen peroxide (H 2
18
O 2 ), formic acid, ribonuclease B (RNAse B), immunoglobulin G (IgG), and bovine serum albumin (BSA) were purchased from Sigma (St. Louis, MO). Molecular weight cutoff filters (MWCO) were purchased from EMD Millipore (Billerica, MA). Water was purified using a Millipore Direct-Q3 Water Purification System (Billerica, MA). Sequencing grade trypsin and peptide:N-glycosidase F (PNGase F) from Elizabethkingia meningosepticum were obtained from Promega (Madison, WI) and Calbiochem (San Diego, CA), respectively. The HIV-1 Env protein CH505 gp150 was expressed and purified as described previously [24] .
Sample Preparation
Proteins were prepared in 50 mmol tris buffer at a concentration of 1 mg/mL and incubated with an equal volume of 1% H 2
18
O 2 for 2 h at room temperature in the dark; control samples were oxidized under the same conditions with H 2 O 2 . Samples were buffer exchanged with 50 mmol tris buffer using 50 kDa (IgG and gp150) or 3 kDa (RNAse B) MWCO, centrifuging for 20 min at 14,000×g. Following buffer exchange, samples were alkylated for 1 h at room temperature in the dark using vinylpyridine at a concentration ten times the molar excess of the protein, then deglycosylated for 1 week using 1 μL of PNGase F at a concentration of 1500 units/μL at 37°C. Finally, proteins were digested for 18 h at 37°C using trypsin at a trypsin:protein ratio of 1:25 (w/w).
LC-MS
The tryptic digests were separated on an Acquity HPLC system (Waters, Milford, MA) coupled to an LTQ Velos Pro Mass Spectrometer (ThermoScientific, San Jose, CA). Mobile phase A was 99.9% water and 0.1% formic acid. Mobile phase B was 99.9% acetonitrile and 0.1% formic acid. A 5 μL sample was injected at a concentration of 1 pmol/μL and separated on a 15 × 0.32 mm Aquasil C 18 column, at a flow rate of 7 μL/min. Peptides were eluted using the following gradient: the column was equilibrated to 2% B prior to injection; the gradient was ramped to 40% B over 30 min, then ramped to 60% B for 15 min; the gradient was finally increased to 90% B and held for 10 min to wash the column; it was re-equilibrated at 2% B for 20 min. Samples were infused into ESI ion source, maintained at a potential of 3 kV and a capillary temperature of 250°C. The mass spectrometer was operated in the positive ion mode from m/z 400 to 2000. The resolution was 30,000 at m/z 400.
Data Analysis
For All Analyses MS ion counts were quantified using a mass width of 10 ppm and the retention time corresponding to the full width at half maximum (FWHM) of the most abundant isotopic peak; however, for broad peaks, the maximum retention time was 90 s. Different peak areas were quantified, depending on the analysis approach implemented, since the existing method (used for validation) and the new method (described herein) make use of different peaks. In validation studies, the 16 O and 18 O peak areas were measured and then adjusted to compensate for contributions from reagent impurity and isotopic overlap, as described before [14] . Oxidation was calculated by dividing the adjusted 18 O area by the sum of the adjusted 18 O and 16 O areas. For the data analysis strategy developed herein, henceforth referred to as MOLIEE (methionine oxidation least isotopic error equivalency), all m/z's across an isotopic envelope were used for the analysis. Experimental fractional isotopic abundances were found using peak areas calculated in Xcalibur, and these were compared to theoretical values. Theoretical fractional isotopic abundances for spectra with varying amounts of 18 O incorporation were generated using IDCalc, which is available at https://proteome.gs.washington.edu/ software/IDCalc/. The theoretical and experimental fractional abundances of a given m/z were compared by taking the absolute value of the difference between the theoretical and experimental fractional abundances at each m/z and dividing this value by the theoretical fractional abundance. This procedure was repeated for all m/z's across an isotopic envelope, and the results for all the m/z's were averaged, giving the average relative error (ARE) between the theoretical and experimental spectra for a given theoretical 18 O content. The goal of this comparison-between the theoretical and the actual spectra-was to identify the theoretical content of 18 O that minimized the average relative error between the two spectra, so that the percent of 18 O in the experimental spectrum could be determined. Therefore, the abundance of 18 O was adjusted in the theoretical spectra, and the ARE was plotted against the 18 O content of the theoretical spectra, so that a minimum ARE could be determined. In order to eliminate potential errors caused by the limited dynamic range of the detector, only peaks that had an experimental fractional isotopic abundance greater than 1% were considered in the calculations.
Results and Discussion
The goal of this study is to develop a method to measure Met oxidation for large peptides and those with multiple Mets. The overall approach is to improve upon an existing published method, from Liu et al. [14] , by using their sample preparation method and adding a novel data analysis strategy that extends the utility of their method. The previously described sample preparation strategy is optimal already because it eliminates the risk of over-estimating oxidation present in samples by labeling all unoxidized Met residues with 18 O using H 2 18 O 2 . Figure 1 shows the sample preparation method. After LC-MS analysis of the oxidized, digested peptides, the amount of oxidation present prior to sample preparation can be quantified by comparing Mets that are 18 O labeled to those that are oxidized in natural isotopic abundances. Liu et al.'s method provides a new means to accurately quantify the oxidation present in recombinantly expressed proteins, but the data analysis strategy is limited to simple analytes because the method they use to account for isotopic overlap using control standards becomes unfeasible as the number of methionine residues on a peptide increases.
We extend the method herein by using the same H 2
18
O 2 labeling strategy but a unique data analysis approach, which is better suited for more complex analytes, MOLIEE (methionine oxidation least isotopic error equivalency). MOLIEE calculates Met oxidation using the entire isotopic envelope. By contrast, Liu et al.'s [14] method calculates the oxidation using only the first and third peaks in the isotopic cluster of the experimental spectra, and these peaks decrease in size as the size of the peptide increases. Furthermore, as the number of methionine residues on a peptide increase, the complexity of isotopic overlap in a peptide increases and the previously published method becomes unfeasible. MOLIEE is also uniquely suited for samples with multiple methionine residues. Data collected herein are analyzed using both data analysis strategies shown in Figure 1 . Sample preparation strategy for analysis of oxidized methionine residues Figure 2 ; the oxidation quantified in both strategies is compared to validate MOLIEE using the previously published data analysis strategy [14] .
The first model protein used for method validation was IgG, a monoclonal antibody with two conserved methionine residues in the Fc region. IgG was chosen as a model because monoclonal antibodies are a very important class of biotherapeutics, and the oxidation of their methionines can lead to protein degradation, which erodes product quality [25] . Upon tryptic digest of IgG, one of the Mets of interest resides on a 7-residue peptide, and the other resides on a more complex peptide that includes a disulfide bond. These residues were chosen for analysis because they are known to be susceptible to oxidation, and they have been characterized in a number of studies [4, 11, 14] . The results comparing Met oxidation for the two peptides in IgG are shown in Table 1 . The first peptide, DTLMISR, was oxidized to a minor extent with both analysis methods measuring less than 10% oxidation. The second peptide was oxidized to a slightly higher degree, with both methods reporting about 16% oxidation. The results from both peptides, summarized in Table 1 , suggest that the two data analysis strategies agree with each other within a reasonable margin of error.
Next, MOLIEE was used to analyze Met oxidation in RNAse B to demonstrate its applicability to peptides with multiple methionine residues. This protein contains four Met residues; when the protein is proteolytically cleaved with trypsin, all four Mets reside within two peptides that are connected by a disulfide bond. The oxidation in RNAse B, using the data analysis strategy described herein, was found to be 2.6 ± 0.1% (see Table 1 ). The previously described data analysis strategy could not be used to quantify Met oxidation in RNAse B because the isotopic overlap resulting from the multiple oxidized residues cannot feasibly be accounted for in that strategy.
The data in Table 1 demonstrate that MOLIEE is capable of analyzing large peptides; however, the accuracy of MOLIEE in analyzing peptides containing multiple methionine residues could not be assessed through comparison to the previous data analysis strategy. Therefore, further experiments were conducted with RNAse B in order to validate the new method's Figure 2 . Method validation for single methioninecontaining peptides. Mass spectra were generated and data were analyzed using a previously published data analysis method [14] (left) and MOLIEE (right). Results were compared to validate MOLIEE O-labeled hydrogen peroxide were mixed in different ratios and used to oxidize RNAse B to simulate different amounts of oxidation that could be present prior to sample preparation; a diagram of the experiment is shown in Figure 3 . Three samples were prepared with different ratios of labeled and unlabeled hydrogen peroxide. Figure 3 . Different ratios of labeled and unlabeled hydrogen peroxide were used to oxidize RNAse B, and peptides were analyzed using MOLIEE to verify that the new data analysis method could accurately measure oxidation in peptides with multiple methionine residues O 2 and not from instrumental variations that would lead to an incorrect assessment of the isotopic distribution of the sample. Technical replicates had very tight precision, with deviations never exceeding 2% error, and this high degree of precision was also observed in the earlier validation experiment described in Table 1. Furthermore, the experiment in Figure 3 demonstrates that the method does not appear to introduce experimental bias. These validation data would suggest that a reliable estimate of the uncertainty of the measurement would be ± 2% oxidation in most cases. In sum, these results indicate that the newly developed method is uniquely suited for the accurate quantitation of oxidation in analytes that contain multiple methionine residues.
Application: Met Oxidation in HIV-1 Env
After method validation was completed, the approach described herein was applied to a pharmaceutically valuable protein, HIV-1 Env, which is the surface antigen on the HIV-1 virus. The oxidation in ten tryptic peptides containing 14 Met residues was quantified using MOLIEE, including four peptides with multiple Mets. Nine of the Met residues showed negligible oxidation, less than or equal to 1%. Minor oxidation between 4 and 6% was quantified in three tryptic peptides containing five Met residues. The error in the measurement is estimated to be ± 2% oxidation, based on all the validation experiments carried out prior to the Env samples. A summary of the peptides, their oxidation, and the associated error can be found in Table 2 . This is the first published assessment of siteby-site Met oxidation on any HIV-Env protein, and this work demonstrates that the native form of this protein is not oxidized substantially. Met oxidation analysis can therefore be used as one method to profile an Env protein's quality during protein production for immunogenicity studies and vaccine trials. MOLIEE was capable of quantifying oxidation in multiple methionine-containing peptide residues present in Env, while previously established methods cannot be used for this analysis. MOLIEE also eliminates the need for control samples, minimizing the consumption of precious protein samples.
Conclusion
We have developed and validated a new data analysis method, MOLIEE, to quantify methionine oxidation in proteins. This method provides improved reproducibility when measuring large peptides and is uniquely suitable for quantifying analytes with multiple methionine residues. The method was applied to HIV-1 Env, and the quantified Met oxidation was low.
